The pulsed phase-sensitive ͑PPS͒ technique for measurements of sound velocity and attenuation in fluids and solids is reviewed. With this technique, which uses a cycle-overlap principle, a time delay is measured between any two acoustical pulses transmitted through a sample or reflected from its boundaries. A current realization of the technique allows one to resolve the time-delay variation down to 0.1 ns. Thus at relative measurements with the PPS technique, precise sound velocity data can be obtained for samples of small thickness ͑about 1 mm͒. The technique is versatile and can also be used for accurate absolute measurements. The technique is most advantageous for studies of samples with high attenuation, in particular near phase transitions and at high temperatures. The technique also allows one to measure sound attenuation with moderate accuracy. An application of the technique that employs narrow-band radio frequency ͑rf͒ bursts for relative measurements of the phase sound velocity is considered in detail. The technique is applied to studies of liquid alkali metals and mercury at temperatures up to 2100 K and pressures up to 200 MPa. As a verification of the capabilities of the technique, new results are presented on sound attenuation in mercury in the metal-nonmetal transition region. A table for sound velocity in mercury at temperatures from 550 to 1900 K and pressures up to 190 MPa is presented in the Appendix.
INTRODUCTION
The well-known power of physical acoustics to study the properties of matter has resulted in the development of numerous techniques for measurements of sound velocity and attenuation in fluids and solids. Some of the techniques have found important industrial applications. The appropriate theory, principal methods, and corresponding experimental details can be found in comprehensive reviews and monographs, such as McSkimin, 1 Truell et al., 2 Papadakis, 3 Kolesnikov, 4 Trusler, 5 and Cantrell and Yost. 6 The pulsed phase-sensitive ͑PPS͒ technique was originally developed for accurate measurements of sound velocity in liquid metals at high temperatures (Tр2500 K͒ and high pressures ( Pр300 MPa͒. 7 It will be seen, however, that the capabilities of the PPS technique are not restricted to this field.
The main difficulties with experiments at such conditions are well known. They are caused by small sample sizes, utilization of rather long and stationary buffer rods, and large sound attenuation in the sample and buffer rods. Although some techniques, such as pulse-echo overlap, 8, 9 pulse superposition, 10 and phase comparison, 11 allow very high accuracy for the time-delay measurements, and some of them are adaptable for use with the buffer rods, 9 ,12,13 the hightemperature and high-pressure conditions are not favorable for the application of these techniques. Other accurate techniques, such as the pulse-echo 2, 14 and pulse interferometric techniques, 1, 15, 16 are also inappropriate for measurements at simultaneously high temperatures and pressures. ͑Recently, M. Hensel 17 conducted measurements of sound velocity in expanded mercury with the pulse-echo technique. Reliable data were obtained at temperatures below 1500 K.͒ Only a pulse transmission-echo technique 18 facilitates the measurements at both high temperatures and high pressures. This technique accommodates the buffer rods and utilizes a pulse transmitted through the sample in a single pass. Therefore this technique allows one to reach the highest temperatures where most samples exhibit the greatest attenuation. This pulse transmission-echo technique was used by Suzuki et al. 19 in the pioneering high-temperature, highpressure study of sound velocity in mercury.
A schematic diagram of the cell used in this technique is shown in Fig. 1 . The sample space is the gap between the buffer rods. Three time delay intervals are measured: the delay for the echoes in each of the rods and the delay for the signal transmitted through the entire cell. The difference between the time required for the signal to travel through the cell, and the average of the echo times, represents the time required for the signal to traverse the sample. Similarly, the difference between the relative levels in decibels of the transmitted signal and the average of the echo signals yields attenuation due to the sample, provided that corrections are made to account for the sample-buffer rod interfaces. The velocity and coefficient of attenuation are then easily computed when the sample length is known.
A disadvantage of the original version of the transmission-echo technique is that the accuracy of the timedelay measurements is determined by the duration of the leading edge of the rectified rf pulses. The leading edge always occurs over a number of rf periods depending on the resonance properties of the transducer with corresponding electrical circuit, and the acoustical characteristics of the buffer rod. 5 An uncertainty of 10%-20% is a reasonable estimate of the error in the speed measurements with this technique for samples of about 1-mm length. 18 The PPS technique combines the advantages of the transmission-echo method with the high accuracy inherent in the phase comparison techniques.
The principles of the PPS technique and corresponding experimental apparati are described in the next section. Applications of the technique are presented in Sec. II. Section III describes possible cell designs for acoustical measurements in liquids at high temperatures, and Sec. IV presents the summary. An Appendix contains tabulated data obtained for sound velocity in mercury at sub-and supercritical temperatures and pressures.
I. THE TECHNIQUE
Below we describe the technique for using the cell schematically shown in Fig. 1 with moderately narrow-band rf bursts, i.e., for phase sound velocity measurements. In such a case, the use of transducers of different resonance frequencies allows one to study the frequency dependence of the acoustical properties. However, these conditions are not mandatory. The technique is applicable without buffer rods, as well as with either one or two transducers. In addition, broadband pulses can be employed to measure the group velocity of sound.
A. Basic principles of the time-delay measurements
For high-temperature measurements, an ultrasonic probe pulse is introduced into the sample through a buffer rod. The sound propagation times in the buffer rods ͑including the small delays in the transducer-rod bonds 7 ͒, 1 and 2 , are unknown. However, these times can be eliminated provided that two time delays, ⌬t 1 and ⌬t 2 , between a transmitted and reflected signal are measured, by applying the probe pulse first to one and then to the other transducer.
The sound propagation time through the sample and the velocity c are
where L is the length of the sample. The intervals ⌬t are measured by delaying the sweep of the oscilloscope with respect to a basic synchronization pulse that periodically initiates the coherent rf probe pulses. The choice of the pulse repetition rate is determined by the time required for the echoes in the buffer rods to be attenuated before the next pulse is applied. The sweep of the oscilloscope is delayed for different times for alternate pulses applied to the two oscilloscope channels. ͑For example, if the two delays are 2 1 and 1 ϩϩ 2 , then the reflected and transmitted pulses are displayed, respectively.͒ In this way one may achieve a coincidence of the phases of the corresponding rf cycles for these two pulses ͑the cycle overlap or the cycle-for-cycle matching͒. To avoid undesirable interference effects, the time delay should be set using the rf cycles close to the onset of the first transmitted and reflected sound pulses where the magnitudes of the oscillations are nearly constant and there is no overlap of the waves reflected from the sample boundaries.
The block and time diagrams for the apparatus at the University of Utah are shown in Figs. 2 and 3 , respectively. A MATEC 5100 gating modulator with plug-in is used to produce coherent rf pulses synchronously with the basic synchronization pulses shown on line 1 of Fig. 3 . A Wavetek 3006 generator with frequency instability less than 0.2 ppm/hr is used as a continuous wave ͑cw͒ source for the gating modulator. ͑For accurate measurements of the frequency dependence of the acoustical properties, a counter to control the frequency of the source is added.͒ The reflected ͑line 2͒ and transmitted ͑line 3͒ rf pulses are amplified by the broadband MATEC 625 receivers, and then applied to the inputs of a dual-channel one-beam oscilloscope ͑Tektronix-475A͒, working in the alternating signal mode with external triggering.
A calibrated time-delay generator ͑EG&G Instruments, Inc., Model 9650A͒ with accuracy 0. ϫ(delay), and jitter 50 psϩ10 Ϫ8 ϫ(delay) produces synchronization pulses A ͑line 4͒ and B ͑line 7͒ delayed with respect to the pulse ͑line 1͒ by times close to 2 1 and 1 ϩϩ 2 , respectively. These synchronization pulses drive a home-made synchronizer-commutator ͑constructed from NAND elements from microcircuits 74LSOON͒ which produces a sequence of pairs of synchronization pulses A and B ͑line 10͒ that trigger the oscilloscope sweep. These pulses are unambiguously synchronized with the corresponding oscilloscope channels. Specifically, pulse A appears only when the first channel is active, and B-only when the second channel is active. The synchronization is achieved with the aid of a gate pulse ͑line 5͒. This gate pulse is an internal pulse from the oscilloscope, which switches its display between the channels at the end of each sweep in the alternating mode.
Thus on the oscilloscope screen an operator sees two pulses, each of which can be independently shifted on the horizontal axis ͑by variation of the corresponding delay of the delay generator͒, and amplified or attenuated on the vertical axis. This feature of the PPS technique distinguishes it from the other methods for time-delay measurements. The sweep rates are limited only by the oscilloscope. When the two traces are matched cycle-for-cycle, the difference between the time delays of the two channels ͑between A and B pulses in Fig. 3͒ of the delay generator yields the interval ⌬t ͑see Sec. I C for additional elucidation͒.
The PPS technique can be realized with various schemes. A principal element of all these schemes is the synchronizer-commutator that provides the sequence of pulses, shown on line 10 of Fig. 3 , to synchronize the corresponding channels of the oscilloscope.
A diagram of the apparatus at the Kurchatov Institute is shown in Fig. 4 . In this apparatus two one-channel delay generators, I1-8 ͑Russian standard͒, with accuracy 0.5 ns ϩ0.5•10 Ϫ7 ϫ(delay), and jitter 0.4 nsϩ10 Ϫ8 ϫ(delay) are used. These are connected in series. The delayed output of the first generator TDG1 drives the second generator TDG2, which allows TDG2 to read ⌬t directly. The generator for the coherent rf pulses is home made ͑courtesy of E. Grodzinskii͒. An oscilloscope C 1-70 with a dual-channel amplifier 40-1101 is used. The timing diagrams for this apparatus are the same as in Fig. 3 .
A third diagram of the PPS apparatus, in which the two time delays are provided by a single one-channel delay generator with the use of its internal clock signal, is described in Ref. 7 .
The process of measuring sound velocity is partly automated. The monitoring of the time-delay generator, the recording of original data, and the analysis of these data are performed using a computer. However, the superposition of the rf pulses on the oscilloscope screen is performed by hand. A realization of the PPS technique that employs a digital oscilloscope ͑or other digital device to control the cycle matching͒ should allow one to completely automate the process and should provide an additional increase in the sensitivity of the apparatus.
B. Sensitivity and accuracy of the technique
The sensitivity of the technique, or the resolution of the smallest phase difference between the cycles of the transmitted and reflected rf pulses ͑or other pulses chosen for the measurements͒ is limited by the jitter in the delay generator and the scope trigger. These jitters result in an apparent trace thickness on the oscilloscope screen. The apparati in Salt Lake City and Moscow allow one to distinguish the variation of ⌬t down to 0.1 and 0.5 ns, respectively.
The sensitivity represents a lower bound on the uncertainty of the time measurements, which also depends on other factors of a particular experiment. After necessary corrections of systematic errors ͑such as, for example, a phase shift caused by reflections from the two surfaces of the bond between the sample and the transducer for the measurements in solids, 20 and a possible difference in time delays for the different oscilloscope channels͒, the accuracy is determined from the dispersion of the individual results obtained at a given experimental point. ͑At high temperatures the dispersion is mostly determined by the temperature instability of the sample.͒ For example, in the experiments with mercury [21] [22] [23] [24] where the probe pulse was switched several times between the transducers for each experimental point, the dispersion of the measured ⌬t was Ϯ1 ns; this value represents the uncertainty of the time measurements in this work. Drift of the delay pulses, which should also be taken into account to estimate uncertainty in the data, is much smaller than 1 ns.
The high sensitivity in the time-delay measurements allows accurate relative data on sound velocity to be obtained with samples of short lengths. The lower limit for the sample length L is determined by the duration of the leading edge of the rf pulses and by the sound velocity c in the sample: L уNTc/2, where N is number of rf periods T in the leading edge. Currently the minimum length of the samples used for the measurements with the PPS technique is about 0.7 mm.
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C. Relative measurements of sound velocity
In principle, Eqs. ͑1͒-͑4͒ describe the procedure for making the absolute measurements of sound velocity. However, problems associated with selection of the corresponding cycles for the chosen rf pulses, as well as delays in the electrical circuits, prevent a simple realization of this approach. ͑Correct selection of the corresponding rf cycles can be accomplished by employing different path lengths, i.e., by measurements with different echoes, 1, 3, 20 or with samples of different lengths. 15, 25 ͒ These problems are obviated by making relative measurements. For relative measurements a change of the propagation time ⌬ϭϪ r is measured as a function of variation in the environment with respect to a reference point. The parameter r is an effective time delay measured at this point. The sound velocity c r , and therefore the true value of the time delay in the reference point r 0 ϭL r /c r (L r is the length of the sample at the temperature of the reference point͒, must be known from the literature or from another experiment. Note that the absolute measurements at the reference point can also be performed with the PPS apparatus. This point is usually chosen at more or less normal conditions, when sound attenuation is not large and the high uniformity of a temperature field is readily achievable over relatively large samples ͑with length on the order of 1 cm, for example͒. Probably the best way to make absolute measurements at the reference point is to use the PPS apparatus in one of the classical modes, which have been specifically developed for precise measurements under such conditions ͑see Sec. I F below͒.
Representative oscilloscope pictures with reflected and transmitted signals for the reference point ͑which is often the starting point of the experiment͒ are shown in Fig. 5 . There are no delays at either of the delay generator channels for the signals shown in Fig. 5͑a͒ ͑zero delay is set for A and B synchronization pulses in the diagram of Fig. 3͒ . In Fig. 5͑b͒ the time delays of the synchronization pulses are set so as to achieve an approximate alignment of the transmitted and reflected rf pulses. Finally, one chooses the rf cycles which will be used in all the further measurements ͓19th cycles in Fig. 5͑b͔͒ and displays the region around them on an expanded scale ͑ϫ10͒. Measurements are made using this expanded scale. One corrects the delay of the B synchronization pulse to achieve the cycle-for-cycle matching with desirable resolution ͓approximately 0.1 ns for the signals in Fig. 5͑c͔͒ , and the interval ⌬t 1 is determined as described in Sec. I A. The interval ⌬t 2 is measured in the same way, and ϭ r is computed using Eq. ͑3͒. The measured time r differs from the true sound propagation time r 0 ϭL r /c r . This difference dϵ r 0 Ϫ r ϭ␦tϩnT/2, where ␦t represents a time delay in the electrical circuits; T is the period of sound oscillation, and n is an integer, which counts the mismatch of the rf cycles chosen for the measurements; and the coefficient 1/2 comes from Eq. ͑3͒.
All further measurements must be conducted using the same rf cycles. That is, the experiment must be monitored in such a way, which allows one to identify these cycles on the oscilloscope screen. In practice, this identification is readily achieved if the variation in the sound propagation time between neighboring experimental points is limited to two or three periods of the rf oscillations. In regions where the sound velocity varies rapidly, such as near a critical point, it is better to keep the time variation to within one period. While running the experiment, in regions with weak sound dispersion one can check for a lost cycle by turning the magnifier off and looking at the onsets of the pulses ͓Fig. 5͑b͔͒. If there are no phase errors, then the coincidence of the leading edges remains nearly the same as it was in the beginning. It should be stressed that for relative measurements the strict correspondence of the cycles ͑or exact alignment of the leading edges͒ is not of primary importance. It is important to perform all measurements with the same cycles chosen at the reference point.
The sound velocity is calculated from the formula
where L 0 is the sample length at temperature T 0 ͑ordinarily T 0 is room temperature͒; ␣ is the linear thermal expansion coefficient of the cell material relative to T 0 ; T is the temperature of the sample. The time is the effective propagation time computed using Eq. ͑3͒. For determination of the thermal expansion of the sample, the principal parts of the cell ͑see Sec. I D below͒ must be made from the same material.
In first-order phase transitions, like the liquid-gas transition, the speed of sound changes discontinuously, and it is essentially impossible to follow the phases of the signals. After such a transition a new coincidence of the phases must be established. The denominator in Eq. ͑5͒, ( r 0 ϩ⌬), will now differ from the true value of the propagation time by mT/2, where m is another integer. The matching can be corrected in different ways. One way 21, 22 is to obtain data by passing around the critical point. Using this method one finds 21, 22 that m is 0, or Ϯ1.
D. Sample length
Correct measurement of the sample length is obviously an important component of the acoustical measurements. While it has been discussed for solids ͑see Ref. 2, for example͒, we will briefly consider this issue for fluids.
Commonly, a ringlike spacer with flat and parallel ends confines the sample length. An elastic element of the cell ͑spring͒ presses the rod͑s͒ to the spacer, insuring that the spacer and sample lengths are identical ͑see Ref. 12 , for example͒. The thermal expansion of the sample is then determined by knowledge of the thermal expansion of the spacer.
In the experiments at high temperature and high pressure, the buffer rods are usually hermetically sealed in the cell body. Such construction significantly complicates the use of an elastic element in the cell. The use of a spacer is possible provided that the cell components ͑such as the cell body, the buffer rods, and the spacer͒ that contribute to the thermal expansion are made strictly from the same material ͑including the crystalline orientation if single crystal buffer rods are employed͒. However, the spacer is not recommended for highly attenuating samples, because parasitic signals through the spacer are not negligible any more. In such a case the requirement of the identical materials allows one to remove the spacer and to calculate the sample thermal expansion as it is done in Eq. ͑5͒. The length L 0 can be determined from calibration measurements of the sound velocity versus temperature with a sample for which the temperature dependence of the sound velocity is well known; or from direct measurements on the outer ends of the buffer rods.
For example, our experiments with mercury [21] [22] [23] [24] have been carried out with ''spacer-less'' cells ͑the cell design is described in Sec. III below͒. The change of position of the inserted buffer rod with respect to the state when it is in contact with the other rod was measured with a micrometer. In different experiments the length L 0 varied from 0.7 to 2.6 mm. The uncertainty in the length data was within Ϯ͑5-7͒ m. ͑The sources of this uncertainty are nonparallelism in the ends of the buffer rods and in the axes of the inserted buffer rod and the cell body.͒ The sound velocity data obtained with the different sample lengths and the cells made 12 ͑obtained by the pulse superposition technique with a spacer of 8 mm-length͒. A value of 10 m was taken as an upper limit on the uncertainty for the sample length at room temperature. Such an uncertainty in the sample length was sufficient for the purposes of the experiments; [21] [22] [23] [24] however, it can be improved if necessary.
E. Uncertainties in the sound velocity data
Equation ͑5͒ yields the following formula for an estimate of the fractional uncertainty ␦c of the sound velocity data at the relative measurements,
where ⌬c is the absolute error of the velocity c, ␦c r , is the uncertainty in the reference point, ␦ϭ⌬(⌬)/( r ϩ⌬) is the uncertainty in the time-delay measurements ͓⌬(⌬) is the absolute error of the ⌬ measurements͔, ␦L 0 is the uncertainty in the sample length at room temperature, and ␦␣ is the uncertainty of the literature data on the thermal expansion coefficient of the cell material, and ␦T is the uncertainty in the sample temperature T. The last two terms in Eq. ͑6͒ are ordinarily significantly smaller than the first three and can be omitted. For example, in the experiments with mercury, 22 the data on sound velocity at the reference point were taken from the literature. The uncertainty in this value is on the order of 10 Ϫ3 . The uncertainty of the sample length measured at room temperature is also of the same order. ͑The length L Ϸ2 mm.͒ The error ⌬(⌬) is 1 ns, and the ␦ term in Eq. ͑6͒ is on the order of 10 Ϫ4 , which is much smaller than the other main contributions. ͓The last two terms in Eq. ͑6͒ are on the order of 10 Ϫ5 .͔ Therefore, the uncertainty in the sound velocity ␦c at low temperatures ͑not far from the reference point͒ is dominated by the uncertainty of the literature data for ␦c r . On the other hand, at high temperatures (TϾ1500 K͒ the uncertainty is dominated by the uncertainty in the length of the sample. Thus the uncertainty in the time measurements essentially does not contribute to the error in the sound velocity data, 22 which is less than 0.4% Tabulated data on sound velocity in mercury obtained with the PPS technique are presented in the Appendix.
F. A test
The technique was first tested with water. An essential advantage of water as a testing substance is a relatively flat maximum in sound velocity near 74°C. This feature allows one to make accurate measurements of sound velocity near the maximum even with a relatively large uncertainty in the sample temperature.
The sound velocity in pure water at standard pressure is known with very high precision; disagreement of the data of different groups [27] [28] [29] is about 0.5 m/s or 0.03%. Reproducibility of the data obtained in each of these works is much better. What is more important for the relative measurements is that the change of sound velocity in these works, for example between points at 74 and 20°C, is in fact identical: 72.8 m/s in Refs. 27 and 28, and 72.7 m/s in Ref. 29 .
Experiments with water using the PPS technique have shown explicitly the principal importance of the use of the same material for all the parts of the cell. Application of nonidentical materials resulted in significant disagreement between the measured and literature data even over less than a 100-deg temperature interval. 30 Results of two test runs with distilled water are shown in Fig. 6 . ͑In Refs. 30 and 31 one can find results of other test experiments with water performed with cells made of different materials and with spacers of different length.͒ A solid curve represents the data of Ref. 28 . The relative measurements were performed with respect to a reference point at room temperature, in which sound velocity was taken from Ref. 28 . In this work the measurements were performed using an acoustic interferometer with about a 90-mm change of path length. The authors' estimate of the relative accuracy is on the order of 10 Ϫ5 . In our tests we used a horizontally oriented stainless steel cell consisting of a cell body, two inserted buffer rods, and a spacer of 5 mm length. The uncertainty of the spacer length was Ϯ2 m. A tungsten/ rhenium thermocouple was installed in a groove of the cell body near the middle of the sample space. A total length of the cell assembly was 365 mm. A cylindrical heater of about 80-mm length surrounded the cell; it was centered with respect to the sample space.
To insure that the sample was under steady-state conditions, the delays ⌬t 1 and ⌬t 2 were measured several times for each experimental point. The temperature was assumed to be stable, if successive time delays were reproduced with an error not greater than 1 ns. This value therefore represents the maximum error in the time measurements ⌬(⌬).
In Fig. 6 a horizontal bar denotes the uncertainty in the temperature measurements ͑Ϯ3°C͒. The uncertainty in the time in Eq. ͑6͒ (␦Ϸ3•10 Ϫ4 ) is the principal contribution to the uncertainty of the data on sound velocity. Thus ␦c in these measurements is about or less than 0.03%. The data obtained agree well with precise literature data. 28, 29 obtained with significantly larger samples. It should be pointed out, however, that precise absolute measurements are very complicated, and it is a great advantage to make them with long samples.
G. PPS and other techniques
The ability to manipulate the signals independently in both the vertical and horizontal axes of the oscilloscope screen makes the PPS technique very versatile. In fact, many of the known pulse techniques can be realized as particular modes of operation of the PPS apparatus. Several examples are given below.
The pulse superposition technique 1 can be realized if the repetition rate of the probe pulse is increased to achieve an interference of the echoes in the sample.
By removing the buffer rods, one can realize a quasi phase-comparison technique 11 ͑without real interference of the sound waves͒ by setting the delay of channel for the reflected pulse to zero ͑line 4 in Fig. 3͒ . A transmitted pulse ͑this can be a reflected pulse as well͒ is then delayed to overlap with the probe pulse on the oscilloscope screen. Note that this mode is virtually the same as a transmission variant of the pulse echo-overlap technique. 8 The double pass technique 25 provides one of the aforementioned ways to select the corresponding cycles and exclude ␦t, and therefore obtain absolute data on sound velocity. The probe pulse is split for two samples of different lengths L 1 and L 2 . The delays are measured with the PPS apparatus for three sample lengths: L 1 , L 2 , and L 1 ϪL 2 .
The echo-overlap ͑PEO͒ technique 3, 8, 9, 20 can be realized by switching the oscilloscope to one channel operation mode and removing the inverter from the synchronizercommutator ͓NAND element ͑8͒ in Fig. 2͔ . The delays of the synchronization pulses A and B ͑lines 4 and 7 of Fig. 3 , respectively͒ are adjusted so as to achieve the rf cycle matching between any two echoes from the sequence of the pulses reflected from the boundaries of the sample. In order to display both echoes, the sweep duration must be less than the interval between the B and A pulses. As was mentioned, this mode of operation of the PPS apparatus also allows one to perform absolute measurements of sound velocity, and can be used, in particular, to obtain the data for the reference point. It should be noted that in making absolute measurements, especially with small samples, one must be careful with possible delays in the electrical circuits. In particular, a difference in the lengths of the cables connecting the outputs of the delay generator with synchronizer-commutator may result in a systematic error.
The PEO and PPS techniques are similar in accuracy because they are both based on the rf-cycle overlap principle. However, the PPS technique is easier to perform and is applicable to a wider variety of physical and technical problems.
H. Sound attenuation
Simultaneously with the phase measurements, one can measure the amplitude of the rf pulses, and thus obtain data on sound attenuation. 18 For completeness, we describe this procedure. If the amplitude of the probe signal is A 0 , in the plane-wave approximation the amplitudes of the signals reflected at the first (A 1 ) and at the second (A 2 ) buffer rods and that transmitted through the cell (A t ) can be written as
where t s , t 1 , t 2 are attenuations of the sound waves in the sample, the first buffer rod, and the second buffer rod, respectively. T 1S and T S2 are the acoustical transmission coefficients through the corresponding rod/sample boundaries. R 1S and R 2S are the acoustical reflection coefficients. The transmission and reflection coefficients are determined by the acoustical impedances of the sample and the buffer rods according to well-known formulas. 1 The coefficients K t , K 1 , and K 2 depend on the geometrical factors of the cell, such as the nonparallel configurations of the rod ends, diffraction of the sound waves, and losses in the buffer-rod/transducer boundaries. These coefficients also depend on the temperature distribution in the buffer rods.
From Eq. ͑7͒, the sound attenuation t s can be written
where K is a combination of K t , K 1 , and K 2 . The coefficient of sound attenuation ␣ is found from ␣ϭϪln t s /L. ͑9͒
The sound attenuation for short uniform samples ͓L Ͻ(D 2 /8), where D is the sample diameter, and is the wavelength of sound 32 ͔ is determined mainly by absorption of sound.
The temperature dependence of the coefficients K in Eqs. ͑7͒ and ͑8͒ does not allow one to eliminate them completely, even for the relative measurements (␣Ϫ␣ r ), where ␣ r is the coefficient of attenuation at a reference point. Other obstacles preventing accurate measurements of the attenuation are the impedances of the sample and the hot ends of the buffer rods. To calculate these impedances, data on density are required, which are not always available. In these acoustical experiments the average sound velocity in the buffer rods can be readily measured, but special efforts are required to determine the sound velocity in the rods near the rod/ sample interfaces. These numbers are needed to compute the impedances. An additional problem for the absorption measurements concerns diffraction effects in the buffer rods, which must be carefully taken into account when the planewave approximation is not valid. 1, 2, 32 For these reasons it is difficult to estimate a priori the accuracy of the sound attenuation data measured in this approach. Nevertheless, even qualitative data on sound absorption are very important, and this method provides the easiest way to obtain such information for fluids at high temperatures and high pressures. In particular, the amplitude measurements have played a crucial role in the interpretation of the acoustical anomalies in mercury 23, 24 and have yielded the most accurate estimate of the critical parameters of this metal. 22 Examples of sound attenuation computed using Eqs. ͑7͒-͑9͒ are available in Refs. 18 and 33, and in the next section.
I. Limitations of the technique
A necessary condition for the PPS technique to work is the existence of at least one signal transmitted through the sample. Because the technique allows one to carry out the measurements with very short samples, this condition puts lower limits on the transmission coefficients T rs and T sr ͓see Eq. ͑7͔͒, which are determined by the ratio of the sample and the buffer rod impedances. 1 Since the sound velocities for all substances do not vary appreciably in the solid, liquid, and gas phases, 34 the aforementioned condition leads to a limitation on the mass density of the sample. To date, the lower limit on density in the experiments that employ the PPS technique with metallic ͑mostly molybdenum͒ cells is about 0.7 g/cm 3 . This value corresponds to approximately double the critical density for cesium 26 and to one-tenth of the critical density for mercury. 
II. EXPERIMENTAL EXAMPLES
The PPS technique has so far been applied mostly to liquid metals, such as cesium 26 and mercury, [21] [22] [23] [24] at high temperatures ͑up to 2100 K͒ and high pressures ͑up to 190 MPa͒. Figure 7 presents experimental data for the sound velocity in mercury and data for the transmitted signal amplitude measured at a frequency of 10 MHz with a molybdenum cell at a pressure of 162 MPa.
The maximum uncertainty of the results on sound velocity measurements is Ϯ0.4%. The temperature was measured by two tungsten-rhenium thermocouples manufactured from a single pair of wire coils, which were calibrated according to the international standard. The thermocouples were installed near the upper and lower edges of the sample space. 22 Absolute error of the temperature measurements varies from 5 at 1000 K to 10 at 2100 K. Discrepancies in the readings of the thermocouples made from different parts of the coils lay within 1 K. Pressure was measured by a Heise manometer with maximum error Ϯ0.2 MPa.
In Fig. 7 point A marks the liquid-gas transition; E denotes a prewetting transition; 23 and M corresponds to a density close to 9 g/cm 3 , where, according to data on the electronic properties ͑see Ref. 24 for references͒, mercury undergoes a metal-nonmetal transition. ͑A phase diagram for mercury, which was obtained from acoustical measurements using the PPS technique, is available in Refs. 23 and 24.͒ A similar minimum in the amplitude of the transmitted signal was observed for other isobars at their intersection with the isochore of 9 g/cm 3 ͑see, for example, Figs. 3 and 4 in Ref. 24͒. The variation of the attenuation coefficient, as estimated from Eqs. ͑7͒-͑9͒, is shown in Fig. 8 . The flat, poorly shaped minimum in the transmitted signal amplitude of Fig. 7 corresponds to a well-formed maximum in the attenuation curve of Fig. 8 . This maximum coincides well with the metal-nonmetal transition. An estimate of the error of the data on sound attenuation depends on assumptions made for the temperature distribution along the buffer rods, but for any reasonable assumptions this is less than 30%.
III. THE CELL FOR HIGH-TEMPERATURE MEASUREMENTS
In static experiments at high temperatures and high pressures, a cell with a heater is placed in a high-pressure vessel that is filled with an inert pressure-transferring medium. 7 Under such conditions, two kinds of cells are currently used in acoustical experiments. These cells contain either two buffer rods inserted in the cell body 7, 17, 19, 33 or just one inserted rod. In the latter case, the second rod is a part of the cell body. 21, 22 These designs are schematically shown in Figs. 8 and 9. A cell with an inserted, or adjustable, rod always has a finite space between the rod and the cell body. ͑In Figs. 8 and 9 this space is magnified for clarity.͒ The cells with two adjustable rods, or ''two-rod'' cell ͑Fig. 8͒, are used both in horizontal and vertical positions. The ''one-rod'' cells ͑Fig. 9͒ are used vertically. We compare the advantages and disadvantages of these two cells.
The approximate symmetry of the temperature distribution along a horizontal two-rod cell is advantageous in some situations, but such symmetry does not play a serious role for acoustical measurements because the contributions of the rods either cancel each other or can be subtracted independent of the temperature distribution in the rods. A disadvantage of the horizontal orientation is an inevitable vertical temperature gradient over the sample ͑at normal gravity͒, which becomes crucially important as one approaches the liquid-gas coexistence curve. The dashed line in Fig. 8 shows an approximate meniscus shape at the boiling point for a symmetrical longitudinal temperature distribution. The extreme instability of such a meniscus and the corresponding strong convection flows lead to poor results in this region. In particular, this geometry leads to a significant increase in the transition width ͑the temperature interval between the last point in the liquid phase and the first point in the gas phase͒. With the PPS technique we failed to perform measurements within an interval of about 50°C near the boiling point because of a smeared picture on the oscilloscope screen. It is possible that the oscillations in the sound velocity observed in gaseous mercury near saturation by Yao et al. 33 have the same origin.
The vertical orientation of the cell with two adjustable buffer rods provides a radial symmetry of the temperature distribution over the sample, but it does not improve the situation near the liquid-gas transition. In this regime, strong convection flows arise because a second meniscus is formed above the sample space. In our experiments the transition width with such a cell was about the same as for the horizontal orientation.
One can take data closer to the coexistence curve using the vertically oriented one-rod cell ͑Fig. 10͒. In this case the transition width is determined by a temperature distribution over just the sample space. That is, in contrast to the abovementioned situations, the peripheral regions do not contribute. For this geometry one can obtain transition width as small as 2 K. 22 Note that such a cell allows one to use the buffer rods with a thread on the side surface ͑see Fig. 10͒ without influencing the convection flows near the liquid-gas transition. ͑In a cell with two inserted rods the threaded configuration leads to expansion of the temperature interval over which convection flows exist in the sample space.͒ The thread surface is used to suppress diffraction effects in the rods. 1, 35 The capability to work near the coexistence of two phases is important in many respects, in particular for comparison with other experimental data.
IV. SUMMARY
The PPS technique combines the advantages of the transmission/echo technique and the phase-comparison methods for sound velocity measurements. The sensitivity of the time-delay measurements is approximately 0.1 ns. Thus using the PPS technique, precise relative data can be obtained over a broad temperature range for samples of short length ͑currently about 1 mm͒, and therefore for samples with large attenuation. The PPS technique also allows simultaneous measurements of sound attenuation. The use of narrow-band rf pulses provides measurements of the phase velocity of sound, which allows one to investigate the frequency dependence of the acoustical properties. The technique is versatile; many of the well-known pulse methods can be realized with an apparatus designed for the PPS technique. The PPS technique significantly expands the applicability of precise phase-comparison methods and opens new opportunities for studies of the physical properties of matter, particularly near phase transitions and at high temperatures. A natural limitation of the technique is poor impedance matching for the sound waves at the interfaces between the sample and the buffer rods. A further improvement in the sensitivity of the technique can be achieved by digitizing the process of matching the rf cycles.
Note added in proof: The anomaly of sound absorption in mercury presented in Sec. II has been recently confirmed by H. Kohno and M. Yao, J. Phys.: Condens. Matter 11, 5399 ͑1999͒.
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APPENDIX
Smoothed data for sound velocity in mercury measured with the PPS technique are presented in Table AI . ͑See Ref. 22 for the details.͒ The uncertainty in these data is less than 0.4% ͑see Sec. I E͒. The data from a handbook 34 are used for computing the saturated pressure P sat below 30 MPa. Critical parameters for mercury ͑1764 K and 167 MPa͒ are also determined from the acoustical data. Values of the sound velocity in the abnormal regions of subcritical isobars and near the critical isochore, where the sample was not uniform because of wetting, 23, 24 are excluded from the table. It is interesting to note that, for mercury vapor, the derivative ‫ץ/‪c‬ץ‬ P at constant temperature changes sign at supercritical temperatures.
